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Pulse fluence dependent nanograting inscription on the surface of fused silica During the past two decades, many experiments have been performed to study the characteristics and formation mechanisms of nanogratings formed either in the bulk or on the surface of diverse materials, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and several models such as self-organization, 2 interference, 3,4 nanoplasmonics, 5, 13 and standing wave 14 have been proposed based on the experimental observations. However, none of these models can address the conflicts among the experimental results of different groups regarding the dependence of nanograting period on the pulse energy/fluence either in static or scanning cases. 3, 5, 6, 8, 11 More efforts are needed in the characterization of the nanograting formation in terms of different writing parameters. In this paper, we focus only on nanograting formation on the surface using different pulse energy, pulse fluence, and pulse-to-pulse spacing. The nanograting period is found to decrease with the increase of pulse fluence for any pulse-to-pulse spacing and keeps constant regardless of the change of the pulse energy as long as the pulse fluence is fixed to a constant value and the pulse-to-pulse spacing is the same. Discussion based on the interplay between nanoplasmonic and incubation effects affecting the local intensity distribution 13 is provided. We used two Ti-sapphire lasers, Spectra-Physics Spitfire (beam "A:" 800 nm, 45 fs, 1 kHz) and Coherent RegA 9000 (beam "B:" 800 nm, 80 fs, 10 kHz) to write nanogratings on the surface. These beams were focused with a microscope objective (Melles Griot 25 X, numerical aperture: 0.5, focal length: 6.6 mm) onto the surface of a fused silica substrate (Corning 7980-UV) which was mounted on a 3D motorized translation stage. A continuously variable metallic neutral density filter was used to vary the pulse energy. Following pulse exposure, the untreated sample (no cleaning, no coating, and no etching) was characterized in a scanning electron microscope (SEM, FEI Quanta 3D FEG).
In the experiment with beam "A," the sample was intentionally tilted with a tiny angle of about 0.05 between the normal of the sample surface and the laser propagation direction. In this way, the focal position is varied with respect to the sample surface, and thus, the fluence is changed across the surface as the sample is scanned. The pulse-to-pulse spacing d was fixed to 40 nm. This corresponds to a scan speed of 40 lm=s. The segments of inscribed nanogratings at different positions for pulse energies (E p ) of 100 and 120 nJ are shown in Figs. 1(a) and 1(b), respectively. A lot of debris is observed around the scan traces, and most nanogratings are damaged in the case of 120 nJ. The measured nanograting periods at different segments along the scanning direction (y) are shown in Fig. 2(a) . The solids lines are the polynomial fits which indicate the variation trend. Apparently, the nanograting period depends on the pulse fluence. The segments of a transition and a well-shaped nanograting formed in the case of 100 nJ are shown in Fig. 3 .
Experimentally, the locations for the onset of the nanograting formation were found to be at À6 and À8.4 mm (Fig. 2) for the cases of 100 and 120 nJ, respectively. The corresponding fluences are defined as the threshold fluences. The nanograting formation threshold for d ¼ 40 nm is 3.35 J=cm 2 estimated by the modified incubation equation. 12 Because a specified pulse fluence (threshold fluence) is known at a specific position (e.g., À6 or À8.4 mm) on the surface, and the sample is tilted at a known angle (the beam waist is measured to be $ 1:28 lm (Ref. 12) , the variations of the pulse fluence across the surface for both cases are estimated ( Fig. 2(b) ). By comparing Figs. 2(a) and 2(b) and using the horizontal coordinates as reference, we found that the peaks of the pulse fluence distributions ( Fig. 1(b) ) coincide with the valleys of the spacing variation curves ( Fig. 1(a) ) for both pulse energies (À3.2 mm for 100 nJ, À4 mm for 120 nJ). And from the tendencies of the curves, we can see that the nanograting period decreases with the increase of pulse fluence. Furthermore, the nanograting period is independent of the incident pulse energy. For example, as indicated by the dashed lines in Figs. 2(a) and 2(b), the same pulse fluence will lead to the same nanograting period (see arrows) regardless of the pulse energy.
In the experiment with beam "B" (the reason we used beam "B" is that beam "A" was not available at that moment), pulse energy ranging from 80 to 300 nJ was used. Meanwhile, the beam radius on the surface was changed by positioning the sample at different locations of z (along laser propagation direction) with respect to the focal plane in the free space (by doing so, we can change the pulse fluence by either changing the pulse energy or the beam radius on the surface). The origin (z ¼ 0) is defined as where the focal plane coincides with the sample surface by the third harmonic generation technique. interval of 1 lm (no nanograting was observed at z ¼ À5 lm) are shown in Fig. 4 . The sign "À/þ" of z indicates that the focal spot is outside/inside the sample. The pulse-to-pulse spacing is fixed to 80 nm. When the sample surface is at z ¼ À4 lm, the ablation is very gentle and the nanograting is non-uniform and can barely be seen. With the sample surface moving gradually towards the focal spot, the pulse fluence increases to slightly above the nanograting formation threshold resulting in a regular and uniform nanograting (z ¼ À3 lm). However, severe damage is observed as the focal spot is approaching and below the surface due to the higher pulse fluence. A great deal of debris is accumulated around the nanogratings.
By repeating the preceding experiment for several different pulse energies (from 80 to 300 nJ), we obtained many sets of nanograting spacing as a function of the surface position (case A) (Fig. 5(a) ). One notes that the position of the sample surface is shifted to larger z; this is due to the backlash of the translation stage when re-positioning the beginning of successive scans. This is evident by the observation of the nanogratings formed at the positive value of z with relatively small pulse energy. For example, at 80 nJ, the nanograting is supposed to be fabricated around z ¼ À1, 0, 1 lm where the pulse fluence is relatively larger than that at z ¼ 4, 5 lm provided that the sample surface is precisely positioned. This shift is further confirmed by repeating the same experiment with the surface translating from z ¼ À8 to z ¼ 8 lm (case B). Similar results were obtained (Fig. 5(b) ). We can again conclude that the nanograting period decreases with the increase of the pulse fluence. In addition, we also varied the pulse-to-pulse spacing from 20 to 80 nm for different pulse energies while keeping the pulse fluence roughly the same (e.g., slightly above the ablation threshold) by changing the depth of the focused beam accordingly. The nanograting periods are found to be almost the same regardless of the pulse energy (e.g., d ¼ 60 nm for pulse energy ranging from 80 to 250 nJ; Fig. 6 ). The oscillation of the trace is ascribed to the vibration of the translation stage. For different pulse-to-pulse spacing, the nanograting periods as a function of pulse energy are shown in Fig. 7(a) . Alternatively, the nanograting period can also be plotted as a function of the pulse-to-pulse 
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Liang, Vallée, and Chin Appl. Phys. Lett. 100, 251105 (2012) spacing for different pulse energies (Fig. 7(b) ). The period increases with the pulse-to-pulse spacing has been well interpreted by Liang et al. 13 The almost horizontal lines in Fig.  7(a) or the almost overlap of the curves in Fig. 7(b) strongly suggests that the nanograting formation depends on pulse fluence but not on pulse energy. The relatively larger fluctuation at small pulse-to-pulse spacing (e.g., 20 and 30 nm) is due to the damage of the nanogratings. 13 According to a recently proposed nanograting formation model, 13 the new nanogrooves are repeatedly created by the leading side-maximum whose position is governed by the width and plasma density of the adjacent plasma zone/nanogroove as schematically shown in Fig. 8 (details can be found in Ref. 13 ). The plasma density in nanogrooves, however, is governed by the local intensity 13, 16 and incubation effect apart from the incident pulse fluence. Therefore, the plasma density does not scale with the incident pulse fluence but is obviously greater for larger incident pulse fluence as evident by the damage of the nanogrooves (Fig. 1(b) ). Meanwhile a small narrowing of the nanogrooves at higher incident pulse fluence is observed (Figs. 1 and 4) . This narrowing is due to the incubation effect. For higher incident pulse fluence, the increase of the amplitude of the leading side-maximum is faster during the scanning (pulse-to-pulse overlapping) process. In other words, less number of pulses is required in order to reach the ablation threshold. This results in a smaller incubation zone and thus a narrower nanogroove. This reduction in the number of pulses reaches the ablation threshold earlier during scanning, i.e., a reduction of the grating period.
In summary, our experimental results clearly indicate that the nanograting period produced on the surface of fused silica depends on pulse fluence but not on pulse energy. With the increase of the pulse fluence, the interplay between the local intensity distribution and the incubation effect leads to an earlier ablation during the scanning with less overlapping pulses. This reduces the sizes of the ablation zones or nanogrooves (less overlapping pulses) and the nanograting period (earlier ablation). 
